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1.  Introduction 


Fiber  lasers  have  become  leading  candidates  for  defending  against  unmanned  aerial  vehicles, 
rockets,  artillery  shells,  mortar  rounds,  and  missiles.  This  is  because  of  their  high  electrical-to- 
optical  efficiency,  high  beam  quality,  and  ruggedness,  and  because  multi-kilowatt  output  powers 
are  now  commercially  available  (i).  Laser  output  on  the  order  of  100  kW  would  enable  the 
harder  targets  to  be  defeated  at  longer  distances.  At  present,  reaching  this  power  level  requires 
combining  multiple  fiber  amplifiers  in  parallel,  either  in  an  incoherent  or  coherent  fashion  (2). 
This  report  concerns  the  latter,  which  is  best  suited  for  a  tiled  aperture  geometry,  which  has  the 
major  advantage  of  being  able  to  pre-distort  the  emitted  wavefront  so  as  to  compensate  for 
propagation  through  atmospheric  turbulence. 


2.  Experiments  and  Modeling  of  SBS  Suppression  in  Passive  Fiber  at  1.5  p 


Our  first  model  of  simulated  Brillouin  scattering  (SBS)  with  a  chirped  seed  was  adiabatic  in  the 
sense  that  it  should  be  valid  for  chirps  less  than  the  Brillouin  bandwidth  (-100  MHz)  squared, 
i.e.,  10^*^  Hz/s.  In  this  case,  a  phonon,  during  its  lifetime,  would  not  see  the  laser  frequency 
change  by  a  large  fraction  of  the  Brillouin  linewidth.  This  model  (5)  indicated  that  chirping  the 
seed  at  10*^  Hz/s,  close  to  that  which  had  already  been  achieved  with  a  diode  laser,  would  raise 
the  threshold  for  SBS  by  a  factor  of  35  for  a  passive  -17.5  m  fiber  (figure  1).  This  fiber  length 
corresponds  to  the  15  m  final  stage  in  the  IPG  10  kW  amplifier,  plus  a  2  m  delivery  fiber,  both 
with  a  core  diameter  of  27.5  pm.  The  Brillouin  gain  was  taken  to  be  0.24  cm/GW,  based  on 
recent  measurements  (4).  The  results  show  a  threshold  that  is  independent  of  chirp  below 
10  Hz/s  and  rises  linearly  with  chirp  at  higher  chirp  values. 

The  (spontaneous)  Brillouin  linewidth  for  these  calculations  was  taken  to  be  20  MHz,  a 
conservative  estimate  based  on  the  16  MHz  linewidth  consistent  with  the  known  10  ns  phonon 
lifetime  in  fused  silica.  Later,  in  our  own  measurements  on  actual  large  mode  area  (LMA) 
fibers,  we  found  that  the  Brillouin  linewidth  was  closer  to  120  MHz.  Together  with  the  effect  of 
gain  due  to  the  inversion  in  an  amplifier,  this  meant  that  suppressing  SBS  would  require  chirps  at 
least  10  times  faster  than  we  anticipated. 
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Figure  1.  SBS  threshold  vs.  chirp,  for  a  passive  17.5  m 
fiber  with  27.5  pm  core,  Avg  =  20  MHz. 

The  chirped  seed  is  based  on  a  vertical  cavity  surface  emitting  diode  laser  in  an  opto-electronic 
feedback  circuit  (5)  (figure  2).  The  first  seed  we  tested  had  a  maximum  chirp  of  5  x  10^^  Hz/s, 
obtained  by  sweeping  500  GHz  (4  nm  at  1.55  pm)  in  100  ps.  The  initial  experiments  (5)  were 
performed  at  1.55  pm  with  a  long  6  km  single  mode  fiber  (mode  field  diameter  8  pm)  because 
we  could  amplify  the  seed  to  only  ~5  W.*  The  symbols  in  figure  3  represent  the  experimental 
data;  the  solid  curves  are  solutions  of  the  equations  in  (5).  Using  an  optical  spectrum  analyzer, 
we  determined  the  ratio  of  Brillouin  to  Rayleigh  backscattering  is  Pb/Pr  =  1-5  x  10“^  below 
threshold.  The  value  of  go  =  2.5  x  10“^^  m/W  was  chosen  to  fit  the  zero-chirp  data.  The 
Brillouin  linewidth  Avg  =  110  MHz  was  chosen  to  fit  the  low  chirp  data. 


Figure  2.  Experimental  setup  for  measuring  SBS  suppression.  CHDL  is  the  chirped  diode  laser. 
FUT  is  the  fiber  under  test. 


•k 

We  used  a  dispersion- shifted  Coming  fiber,  only  because  its  Brillouin  spectrum  has  ony  a  single  peak.  More  recent  fibers, 
e.g.,  SMF28e+,  have  an  inner  and  outer  core  with  different  sound  velocities,  and  thus  two  distinct  Brillouin  peaks.  The  purpose 
is  to  raise  the  SBS  threshold  by  a  factor  of  two.  For  us,  a  double  peak  would  just  make  the  data  analysis  more  difficult. 
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Figure  3.  Backscattered  power  vs  incident  power  for  a  6-km  dispersion-shifted  fiber  having  a 
mode  field  diameter  of  8  pm.  The  symbols  are  the  experimental  data  taken  at  chirps 
of  (3=0,  lO'"^,  2xl0'"^,  and  5xl0'"^  Hz/s.  The  curves  are  calculations  of  the  backscattered 
Brillouin  power  for  (3=10"  -  lO'^  Hz/s  (left  to  right).  The  dashed  line  is  the  backscattered 
Rayleigh  power. 


Using  a  self-heterodyne  technique  (4),  we  made  an  independent  high-resolution  measurement  of 
Avg ,  which  allowed  us  to  separate  the  Rayleigh  and  Brillouin  components.  We  made  sure  to 

remain  within  the  spontaneous  regime.  The  Brillouin  spectrum  in  this  single  mode  fiber  has  a 
width  of  39  MHz,  comparable  to  other  recent  measurements  at  1.5  pm  (4). 

During  the  first  year,  we  also  developed  a  dynamic  model  of  SBS,  which  should  be  accurate  to 
higher  chirps  (6).  Instead  of  injecting  a  weak  Stokes  seed  at  z  =  L,  the  SBS  builds  up  from 
spontaneous  emission  along  the  entire  length  of  the  fiber.  The  spontaneous  emission  is  described 
by  including  a  Langevin  noise  term  in  the  rate  equation  for  the  amplitude  of  the  acoustic  wave. 
The  results  again  showed  a  linear  increase  in  SBS  threshold  with  chirp.  As  an  example,  figure  4 
shows  results  from  the  dynamic  model  (black  squares)  and  the  adiabatic  model  (red  curve)  of  a 
17.5  m  fiber,  with  a  core  diameter  of  27.5  pm,  a  Brillouin  linewidth  of  20  MHz,  and  a  Brillouin 
gain  of  go  =  1.2  x  10“^^  m/W. 
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Figure  4.  Threshold  power  vs  chirp  for  a  fiber  with  the  specifications 
given  in  the  text.  The  black  squares  are  the  dynamic  model, 
the  red  line  is  the  adiabatic  model. 


3.  Pulsed  Experiments  and  Modeling  of  an  Amplifier  at  1.5  pm 


To  determine  how  the  SBS  suppression  operated  at  higher  powers,  and  in  active  fibers,  we 
undertook  an  experiment  with  a  four-stage  pulsed  ErFA  at  Fibertek  (figure  5).  In  this  case,  the 
power  entering  the  final  stage  was  kept  constant,  while  the  current  to  the  pump  diodes  was 
changed  to  vary  the  amplifier  output  power.  The  pulse  length  is  ~1  ps  and  the  repetition  rate  is 
10  kHz. 
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Figure  5.  Experimental  setup  for  seeding  the  pulsed  1.5  p  amplifier  at  Fibertek. 


At  zero  chirp  with  the  18  m  fiber  and  5.6  pJ  of  output,  the  backscattered  spectrum  (figure  6) 
shows  a  Rayleigh  peak  and  a  Brillouin  peak  of  approximately  equal  height,  which  is  our 
definition  of  threshold  for  this  experiment.  The  peak  widths  are  instrument-limited.  The  Stokes 
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shift  at  this  wavelength  is  0.083  nm.  At  7.6  |aJ  output — i.e.,  50%  above  threshold — the  SBS 
power  increases  by  a  factor  of  7.5,  illustrating  the  problem. 
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Figure  6.  Backscattered  spectrum  at  zero  chirp  with  the  18  m 

amplifier  operating  at  SBS  threshold  and  above  threshold. 

The  results  show  that  the  5  |liJ  threshold  with  no  chirp  increased  to  50  p J  at  a  chirp  of 
5x1015  Hz/s.  This  is  in  good  agreement  with  a  time-dependent  model  (7).  The  80  pJ  output 
corresponds  to  a  peak  power  of  -^80  W.  Tests  were  also  made  up  to  250  W  by  shortening  the 
fiber  to  12  m,  which  is  closer  to  the  optimum  length  for  this  amplifier.  The  results  were  similar, 
although  for  shorter  fibers,  the  SBS  suppression  is  less  dramatic  for  a  given  chirp. 


Figure  7.  Backward  SBS  power  vs  output  pulse  energy 
for  the  18  m  amplifier. 
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4.  Coherent  Combining  of  a  Chirped  Seed  Er  Fiber  Amplifier  at  1.55  pm 


In  recent  work  on  coherent  combining  of  fiber  amplifiers,  path  length  matching  has  been 
achieved  by  using  a  variable  delay  line  and  an  electro-optic  phase  shifter  (5).  A  fiber  stretcher 
can  also  compensate  for  ~3  mm  of  path  length  difference  with  a  frequency  response  of  ~1  kHz. 
An  important  advantage  of  using  a  linearly  chirped  seed  is  its  long  effective  coherence  length, 
particularly  for  combining  multiple  amplifiers  with  different  path  lengths.  By  shifting  the 
frequency  of  the  seed  entering  each  amplifier  by  an  amount  proportional  to  the  difference  in  path 
length,  relative  to  a  reference  leg,  the  amplifier  outputs  can  be  made  to  have  the  same  frequency 
and  be  in  phase  (9). 

The  frequency  shifting  is  accomplished  via  a  free-space  acousto-optic  device,  with  fiber  pigtails. 
The  shifter  is  driven  by  a  heterodyne  phase-locked  loop  circuit,  with  input  from  a  photodiode 
that  monitors  the  interference  between  the  reference  and  a  sample  of  the  amplifier  output  (figure 
8).  The  heterodyne  frequency  is  100  MHz,  corresponding  to  the  nominal  frequency  shift  of  our 
device  {10).  At  90  and  100  MHz,  the  throughput  is  down  by  ~3  dB.  Each  phase-locked  loop  has 
a  digitally  synthesized  local  oscillator;  all  are  synchronized  by  a  master  clock.  The  relative 
phase  of  each  output  beam  can  be  adjusted  at  the  start  of  each  scan. 


The  coherent  combining  was  tested  with  two  ErFAs  (77).  The  coherence  was  verified  by 
overlapping  the  two  amplifier  outputs  in  the  focal  plane  of  a  lens  and  imaging  the  fringes,  and  by 
doing  an  I/Q  demodulation  of  the  electrical  signal  coming  from  each  photodiode.  The  far-field 
intensity  profiles  of  channel  A  and  B  are  Gaussian  (figure  9).  When  the  two  channels  are 
combined  in  phase,  the  spot  size  in  the  horizontal  direction  decreases,  and  side  lobes  appear,  due 
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to  the  less-than-unity  fill  factor  in  the  near-field.  Horizontal  cross-sections  show  that  the  on-axis 
intensity  increases  by  a  factor  of  three,  as  opposed  to  the  theoretical  factor  of  four.  An  efficiency 
of  less  than  100%  can  be  due  to  differences  in  spot  size,  wavefront,  and  polarization,  as  well  as  a 
less-than-perfect  coherence.  Another  contribution  comes  from  the  interval,  at  the  end  of  a 
sweep,  during  which  the  PLL  has  to  relock. 


Figure  9.  (a,  b)  far-field  intensity  profiles  of  channels  A  and  B  alone,  (c,  d)  Far-field  intensity  and  relative  phase 
error  when  both  channels  are  present,  for  a  pathlength  mismatch  of  1 .8  cm.  (e,  f)  For  a  mismatch  of 
34  cm. 
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The  phase  error  obtained  from  the  time-resolved  photodiode  current,  if  measured  away  from  the 
reset  transients,  shows  the  contribution  due  to  only  the  nonlinearity  of  the  chirp  and  the  finite 
bandwidth  of  the  phase-locked  loop.  According  to  the  formula 


N-1  ^ 
Vcc  =  1 - ^^0 


the  coherent  combining  efficiency  would  be  99.0%  at  a  pathlength  difference  of  1.8  cm,  and 
96.4%  at  34  cm.  For  large  N,  these  efficiencies  would  decrease  to  98%  and  92.8%,  respectively. 


5.  Experiments  and  Modeling  of  SBS  Suppression  in  an  Active  Fiber  at 

1.06  p 


The  second  chirped  laser  we  tested  has  a  wavelength  of  1.06  p,  suitable  for  seeding  a  ytterbium 
fiber  amplifier  (YbFA).  Initial  tests  were  performed  on  a  40-W  YbFA  with  a  40-m  delivery  fiber 
and  a  400- W  YbFA  with  a  2-m  delivery  fiber  (figure  10).  MATLAB  code  was  written  to 


simulate  SBS  during  chirped  seed  amplification  and  subsequent  delivery  through  a  passive  fiber 


(12).  The  code  was  validated  with  the  results 


(a) 


both  experiments. 


Forward  Power  (W) 


Figure  10.  (a)  Backscattered  power  vs  forward  power  for  various  chirps,  for  a  5  m  active  fiber  and  a  41.5  m  delivery 
fiber,  both  PM.  The  points  are  experimental  data;  the  solid  lines  are  results  of  the  simulation.  The 
dashed  (Brillouin)  and  dash-dot  (Rayleigh)  lines  are  measured  at  zero  chirp  with  an  optical  spectrum 
analyzer,  (b)  Results  from  a  different  amplifier  with  a  10  m  active  fiber  and  2  m  delivery  fiber,  both  non- 
PM. 


After  validation,  the  code  was  used  to  extrapolate  to  faster  chirps  and  higher  powers,  using  the 
same  values  of  Brillouin  gain  and  bandwidth.  The  results  were  used  to  generate  operating  curves 
that  show  what  chirp  would  be  required  to  obtain  a  given  amplifier  output  power  transmitted 
through  a  given  delivery  fiber  (figure  1 1).  The  parameters  used  are  a  10-m  active  fiber  of 
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core/cladding  diameter  25/400  |a.  Note  that  the  threshold  decreases  slower  than  1/L  and  at  high 
chirps,  and  long  fibers  appear  to  be  becoming  independent  of  fiber  length. 


Also  shown  for  comparison  is  the  threshold  for  a  seed  broadened  to  a  26  GHz  FWHM  via  a 
random  phase  modulation.  Note  that  the  threshold  in  this  case  decreases  faster  than  1/L,  as 
shown  by  the  dashed  line.  This  illustrates  a  major  advantage  of  chirped  seed  amplification 
relative  to  the  conventional  method  of  broadening  a  seed  via  random  phase  modulation. 


chirp  (Hz/s) 

— e16 
— ^3.2e16 
— e17 
—^3  e17 

— ■ —  26GHz  Lorentzian 


Figure  11.  Operating  curves  for  chirped  seed  amplification. 

Not  shown  explicitly  in  the  above  experimental  data  is  the  fact  that  SBS  pops  up  when  the  chirp 
of  the  seed  laser  changes  direction.  This  happens  whether  the  frequency  vs.  time  waveform  is  a 
triangular  wave  or  a  sawtooth.  With  a  photodiode  and  an  oscilloscope,  one  can  easily  avoid  the 
SBS  by  taking  data  away  from  the  reset  interval;  however,  the  interlocks  are  designed  to  turn  off 
the  amplifiers  when  even  a  short  pulse  of  SBS  propagates  backwards  out  of  the  final  stage. 

To  circumvent  the  problem,  we  injected  a  square  pulse  of  broadband  light  from  a 
superluminescent  laser  diode  {13)  at  the  turning  points.  This  technique  allowed  us  to  obtain 
some  preliminary  data  with  a  higher  power  amplifier  at  Nufern,  but  SBS  continued  to  pop  up  at 
the  transition  point  between  the  SDL  and  the  ChDL,  for  reasons  that  we  did  not  understand  at  the 
time.  The  technique  had  the  additional  practical  disadvantage  that  the  coherence  length  of  the 
SDL  is  far  too  short  for  coherent  combining. 

The  next  approach  was  to  operate  two  ChDLs,  chirping  in  opposite  directions.  One  can  avoid 
the  periodic  points  where  the  chirp  goes  to  zero  by  switching  from  one  seed  to  the  other  at  the 
appropriate  time,  so  that  the  light  injected  into  the  amplifier  is  always  chirping  at  full  speed.  The 
outputs  from  the  two  synchronized  sources  were  connected  to  the  inputs  of  a  2  x  1  bulk  LiNbOa 
electro-optic  switch  {14)  so  that  the  even  sweeps  came  from  one  laser  and  the  odd  sweeps  from 
the  other  (figure  12).  The  transition  was  timed  to  occur  just  before  each  laser  reached  the  top  (or 
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bottom)  of  its  scan.  The  10-90%  spec  on  the  switch  is  <0.1  ps.  Faster  switches  are  available, 
based  on  LiNbOs  waveguides,  but  they  suffer  from  optical  damage  at  the  mW  power  levels 
produced  by  our  seed  laser.  The  synchronization  of  the  two  sources  is  selectable  by  the  user  so 
that  the  frequency  waveform  transmitted  by  the  switch  is  either  (a)  a  negative  sawtooth,  (b)  a 
positive  sawtooth,  or  (c)  a  triangle  wave. 


Figure  12.  (a)  Dual  source,  consisting  of  two  synchronized,  out  of  phase  chirped  diode  lasers  with  a  2x1 

electro-optic  switch,  (b)  Frequency  vs  time  waveform,  showing  the  transitions  (blue  line)  between 
source  one  (black  line)  to  source  two  (red  line). 


The  dual  source  was  injected  into  a  YbFA,  with  three  photodiodes  to  monitor  the  power  going 
into  the  final  stage,  the  output  power,  and  the  backward  power  leaving  the  final  stage  (figure 
13a).  The  final  stage  is  20/400  double  clad  fiber.  The  results  shown  in  figure  13  were  obtained 
with  a  negative  sawtooth.  For  a  negative-chirp  sawtooth,  the  power  entering  the  final  stage  has 
unintentional  modulation  (figure  13b,  red  trace)  due  to  wavelength-  and  polarization-dependent 
loss/gain  and  dispersion  in  the  components  between  the  seed  lasers  and  the  the  pre-amplifier, 
including  the  electro-optic  switch  and  the  taps.  The  output  power  (figure  13b,  top  black  trace) 
has  about  the  same  amount  of  modulation.  The  backward  SBS  measured  with  a  fast  photodiode 
shows  the  pulses  characteristic  of  the  initiation  from  spontaneous  scattering  (bottom  black  trace) 
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Figure  13.  Experimental  apparatus  for  measuring  input  power  to  the  final  stage,  backwards  SBS  power,  and  output 
power,  (b)  Oscilloscope  traces  from  the  three  photodiodes  taken  at  an  output  power  of  600  W.  The 
modulation  on  the  input  to  the  final  stage  is  due  to  phase  and  amplitude  dispersion  in  the  pre-amplifier. 


The  backward  SBS  power  was  also  measured  with  an  averaging  detector,  and  then  plotted  vs.  the 
output  power  (figure  14a).  The  output  power  was  varied  by  changing  the  current  to  the  diodes 
pumping  the  final  stage.  The  backward  power  clearly  shows  a  threshold  behavior.  We  define 
threshold  as  the  point  where  the  backward  power  equals  10^  times  the  output  power,  and  we  can 
then  plot  the  threshold  output  power  vs.  chirp  (figure  14b).  The  threshold  output  power  (black 
squares)  is  clearly  increasing  linearly  with  chirp,  as  shown  by  the  dashed  red  line.  Based  on  this, 
we  expect  the  next  generation  of  chirped  diode  lasers  with  a  factor  of  10  higher  chirp  to  enable 
~6  kW  output  powers.  As  shown  in  the  next  section,  chirped  seed  amplifiers  will  also  be 
coherently  combinable. 
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Figure  14.  (a)  Backward  power  from  the  final  stage  vs  amplifier  output  power,  for  various  chirps.  The  dashed  line 
represents  a  backward  power  equal  to  10“^  times  the  output  power,  used  here  to  define  SBS  threshold, 
(b)  SBS  threshold  vs  chirp,  as  defined  above.  The  dashed  line  represents  a  linear  scaling  of  threshold 
with  chirp. 


6.  Coherent  Combining  of  Chirped  Seed  Yb  Fiber  Amplifier  at  1.06  pm 


Interference  fringes  were  observed  by  overlapping  the  outputs  of  two  20-W  Yb  fiber  amplifiers 
(figure  15a-d).  The  fringe  visibility  depends  on  many  factors,  in  addition  to  the  residual  phase 
error  of  the  feedback  loop:  the  quality  of  the  two  wavefronts,  how  well  the  intensity  profiles 
match,  and  whether  the  polarizations  are  parallel.  The  residual  phase  error  can  be  estimated  via 
an  I/Q  demodulation  of  the  signal  coming  from  the  photodiode  in  the  feedback  loop  (figure  15e). 
For  the  case  of  a  chirp  equal  to  l.dxlO^"^  Hz/s  and  a  path  length  mismatch  of  1.7  cm,  the  residual 
phase  error  is  0.15  rad,  ignoring  the  transient  at  t  =  2s  between  sweeps.  This  leads  to  a 
theoretical  coherent  combining  efficiency  of  77  =  98.9%.  For  a  mismatch  of  39  cm,  the  residual 
phase  error  was  0.42  rad,  i.e.  t]  =  91.2%. 
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Figure  15.  Intensity  profiles  of  the  beams  exiting  a  two -channel  Yb  fiber 
amplifier;  each  channel  emitting  20  W.  (a)  Channel  A  alone, 

(b)  channel  B,  (c)  both  channels  present  and  in  phase,  (d)  out  of 
phase,  (e)  The  top  (red)  trace  is  the  phase  of  channel  A  relative  to 
the  reference,  as  obtained  by  I/Q  demodulation.  The  bottom  (blue) 
trace  is  the  phase  of  channel  B  relative  to  the  reference.  The  middle 
(green)  curve  is  the  relative  phase  of  channels  A  and  B. 


7.  Multi-Mode  Instability  Suppression 


For  applications  that  require  high  spatial  brightness,  another  bottleneck  in  the  scaling  of  large 
mode  area  fiber  lasers  is  the  multimode  instability  that  occurs  at  high-average-power.  It  is 
generally  attributed  to  either  (a)  transverse  spatial  hole  burning,  or  (b)  a  eoupling  between  modes 
created  when  their  interference  gives  rise  to  a  spatially  periodic  variation  of  the  gain  or  index  in 
the  core  along  the  longitudinal  direction.  The  analysis  in  this  section  shows  that  the  problem  of  a 
eoupling  between  the  LPoi  and  LPu  modes  can  be  avoided  with  a  chirped  seed. 
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The  effective  index  as  a  function  of  T  =  k  a  NA  is  shown  in  figure  16a  for  the  LPoi  and  LPu 
modes  in  a  typical  LMA  fiber.  V  is  varied  by  changing  the  optical  frequency;  the  fiber 
parameters  {NA  =  0.06  and  core  diameter  2a  =  20  p)  are  fixed.  The  vertical  dashed  line 
indicates  V  =  3.56  associated  with  a  wavelength  of  1.06  p.  The  wavevector  of  the  grating 
formed  between  the  two  modes  is  shown  in  figure  16b.  At  1.06  p,  the  grating  vector  g  =  2.87  X 
10^  m“^,  i.e.,  the  grating  period  A  =  0.35  mm.  Because  the  slope  of  g{V)  is  non-zero,  the 
grating  vector  will  change  as  the  seed  sweeps  in  frequency.  For  frequency  sweeps  of  a  few 
percent,  the  change  Ag  that  occurs  during  a  sweep  Av  =  v^  —  V2  can  be  approximated  by 
Ag  =  {dg/dv)Av  (figure  16c). 

Higher  order  modes  in  the  final  stage  amplifier — e.g.,  the  LPu  mode — are  typically  excited  at 
the  splice  between  a  single-mode  fiber  and  the  LMA  fiber.  If  the  relative  phase  between  the  two 
modes  is  fixed  at  the  splice,  the  grating  will  expand  or  contract  from  that  point.  At  a  distance 

from  the  splice,  the  spatial  interference  when  the  seed  is  at  and  at  V2  will  be  n  out 
of  phase.  is  shown  in  figure  16d  as  a  function  of  wavelength,  for  frequency  sweeps  of  0.5, 
1.0,  and  2.0  THz. 

If  the  seed  sweep  time  is  short  compared  to  the  thermal  diffusion  time,  any  thermally  induced 
change  in  gain  or  index  will  be  washed  out  after  a  distance  Because  the  grating  period  is  an 
order  of  magnitude  larger  than  the  core  diameter,  the  relevant  diffusion  time  is  t  =  a^pC / k, 
where  p  is  the  density,  C  is  the  specific  heat,  and  /cis  the  thermal  conductivity.  For  a  20  p  fused 
silica  core,  t  =  0.11  ms.  For  a  30  p  core  diameter,  t  =  0.25  ms.  In  our  system,  the  high  chirps 
are  obtained  at  sweep  time  of  less  than  0.1  ms,  so  the  thermally  induced  grating  should  be 
negligible  after  a  distance  from  the  splice. 

If  the  seed  tunes  over  a  range  of  2  THz  (8  nm  at  1.06  p),  =  0.5  m  (figure  16d).  For  a  10  m 

active  fiber,  this  could  represent  an  order  of  magnitude  increase  in  the  threshold  for  multimode 
instability. 
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Figure  16.  (a)  Effective  index  as  a  function  of  the  V  number  (normalized  frequency)  for  the  two  lowest  order  modes 
of  a  step  index  fiber.  Fiber  frequency  for  the  two  lowest  order  modes  in  a  step  index  LMA  fiber 
(NA=0.06  and  core  diameter  2a  =  20  |i).  (b)  The  wave  vector  of  the  grating  formed  by  the  interference 
of  the  two  modes,  (c)  The  change  in  grating  vector  for  sweeps  of  0. 5-2.0  THz.  (d)  Ljj.  as  a  function  of 
wavelength,  for  sweeps  of  0.5-2. 0  THz. 


8.  Conclusions 


Chirped  seed  amplification  has  been  shown  experimentally  to  raise  the  threshold  for  stimulated 
Brillouin  scattering  in  a  Yb  fiber  amplifier.  For  a  chirp  of  7x10^^  Hz/s,  the  SBS  threshold  was 
raised  to  600  W,  compared  to  a  threshold  of  40  W  at  zero  chirp.  Furthermore,  we  demonstrated 
that  the  threshold  scales  linearly  with  chirp,  so  that  a  chirp  of  5x10^^  Hz/s,  for  example,  should 
enable  a  4  kW  coherently  combinable  fiber  amplifier.  The  next  generation  of  chirped  seed 
lasers  will  use  MEMS-VCSELs  (15,  16),  which  can  tune  up  to  10^^  Hz/s.  Whether  the  tuning 
can  be  made  linear  enough  for  coherent  combining  is  the  subject  of  the  next  contract. 

A  unique  feature  of  this  seed  is  that  the  bandwidth,  as  seen  by  the  counter-propagating  SBS, 
increases  linearly  with  delivery  fiber  length,  so  that  the  threshold  decreases  slower  than  1/L. 
Enabling  long  delivery  fibers  is  very  important  for  integrating  lasers  into  trucks,  ships,  and 
airplanes.  One  needs  the  flexibility  to  position  the  laser  and  the  exit  aperture  in  different 
locations.  Lastly,  the  large  mode-hop-free  tuning  range  available  from  vertical  cavity  surface 
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emitting  lasers  also  provides  a  path  to  suppressing  multimode  instability,  another  bottleneck  in 
the  scaling  of  high  power  fiber  lasers. 
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